New Developments in Intensity Modulated Radiation Therapy
Introduction

Basic Principle
For each patient, the anatomy dictates a unique set of preferred beam orientations and, in each beam orientation, the preferred locations through which the radiation is delivered to the tumor. If more freedom is given to make use of these intrinsic preferences in treatment planning, either performed by a human planner or by a computer optimization system, better plans can be generated. IMRT offers an additional freedom as compared with 3D conformal therapy because the radiation intensities within a radiation field can be varied according to these location preferences. Careful selection or optimization of beam angles as well as the use of rotational deliveries are generally more advantageous because angular preferences are also considered.
Current Status
Intensity modulated radiation therapy (IMRT) has been widely adopted as a new tool in radiation therapy to deliver high doses of radiation to the tumor while providing maximal sparing of surrounding critical structures. Both rotational and gantry-fixed IMRT techniques have been implemented clinically using dynamic multileaf collimation (DMLC) (5-10). In gantry-fixed IMRT, multiple coplanar and non-coplanar beams at different orientations, each with spatially modulated beam intensities, are used (5, 6, 8) . Rotational IMRT as it is practiced today mainly employs temporally modulated fan beams (7) . The use of overlapping arcs (9, 10) to deliver modulated beam intensities around the patient was also proposed but has not been widely adopted for clinical use.
While long-term clinical results of IMRT treatments are still limited, initial results appear very promising. At Memorial Sloan Kettering Cancer Center, IMRT has allowed the physicians to escalate the dose to the prostate while reducing the toxicities to the rectum and bladder, resulting in improved local This two-step process, intensity optimization and leaf sequencing, employed in the current treatment planning process for MLC-based IMRT creates numerous problems. Because the leaf-sequencing is constrained by the delivery hardware, a large number of complex field shapes are often needed. This can lead to a loss in efficiency and an increase in collimator artifacts (18) . Attempts have been made to simplify the delivery by either grouping the intensity levels (19, 20) or smoothing the intensity distributions (21, 22) . However, such attempts are always accompanied by the reduction of plan quality. Moreover, since the leaf sequencing process is often outside the optimization loop, the MLC specific effects such as leakage, the tongue and groove design, and head scatter variations are excluded from the optimization process. As the result, the highly conformal dose distributions of the "optimal" plan as shown on the computer may not be realized in the patient (18) . Efforts to include these delivery-related effects in the leaf-sequencing process always increase the number of beam segments and decrease delivery efficiency (23, 24) . When a large number of segments are used, there are typically segments requiring a low number of monitor units (MUs) along with small offaxis fields. These segments introduce new challenges for accurate dose calculation and unrealistic requirements for geometric accuracy of the MLC and dosimetric accuracy of the linear accelerator (25, 26) . As the result, QA efforts must be intensified in order to achieve the well-established safety and accuracy standards (26) .
We believe that treatment planning and delivery must work together to give an efficient overall process. This is true even within the framework of the two-step process described above. If a particular planning algorithm produces a highly detailed intensity map, a more complex delivery method may be required to faithfully reproduce this distribution. Alternatively, algorithms that have the ability to simplify the intensity distribution allow the use of less complex delivery. However, a more desirable solution is to combine the two steps by directly optimizing the beam segments and bypassing the intensity optimization step as the direct aperture optimization implemented at our institution.
Limited Scope Optimization:
The inverse planning systems used for planning IMRT treatments usually pre-determine which of the two delivery methods, rotational or gantry-fixed, will be used. When gantry-fixed IMRT delivery is chosen, the user must provide the number of beams to use and their orientations. These limitations can significantly affect the quality of the treatment plans (27) (28) (29) (30) . This is especially true for cases where the targets are surrounded by a number of critical organs. Using fixed beam orientations, one may miss completely the most preferred angle and location and renders the treatment plan suboptimal. When rotational delivery is used, the system either rotates through all beam angles (7) or uses overlapping arcs of limited arc range (9, 31). The range of the arcs or the number and the orientations of the beams are also selected by the user. Planning optimization is limited to finding the intensity maps for the selected beams to meet the dose-volume constraints and to minimize the cost function.
Because many factors that affect the plan quality, such as the method of delivery, the radiation type and energy, the number of beams and their orientations, are not considered, the current optimization process only samples a subspace of feasible treatment plans. As a result, treatment plans generated with current methods are "optimal" only in a limited sense.
New Developments
Direct Aperture Optimization (DAO): Instead of using the two-step process, we have developed a system that directly optimizes aperture shapes and weights simultaneously for step and shoot IMRT delivery (14) . Physical constraints of the MLC, such as leaf movement limits, inability to interdigitate and minimum gap between opposing leaves and opposing adjacent leaves, are considered in the optimization process; the need for leaf sequencing is eliminated. Without leaf sequencing, the number of apertures can be significantly reduced while maintaining the conformal capabilities of IMRT, considerably reducing the complexity of IMRT.
Broad-scope Optimization:
A new concept, angular cost function (ACF), has been introduced to broaden the scope of optimization. ACF reveals the angular preference of different beam angles. A scheme has been developed to automatically select either the rotational or gantry-fixed delivery and the angular ranges of arcs and beam angles.
IMAT:
IMAT is a rotational IMRT technique in which the leaves of the multileaf collimator move continuously during arced beam delivery (9,10). Since arcs use all beam angles and can be efficiently delivered, IMAT has the potential of achieving optimal treatments while maintaining delivery efficiency. Although the advantage of arced beam delivery is well recognized, IMAT has not gained widespread clinical application due to the lack of an efficient method for planning IMAT treatments. Recently, we have successfully developed new methods for planning IMAT treatments by adopting aperture-based optimization and graph algorithms in computer science.
These new developments will be described separately in the following sections.
Improving IMRT Efficiency with Direct Aperture Optimization (DAO)
Rather than employing a two-step process to produce a deliverable treatment plan, we have developed a system that directly optimizes aperture shapes for step-and-shoot IMRT delivery (14). The key simplification offered by this system is that the user can specify the maximum number of allowed beam segments as part of the prescription. Because the optimizer considers only deliverable MLC shapes, the need for leaf sequencing is eliminated. Consequently, the number of apertures can be significantly reduced while maintaining the conformal capabilities of IMRT. In addition to the efficiency improvements, this technique should reduce the contribution of collimator artifacts. This method has recently been adopted by two commercial treatment planning systems (Prowess Pather™ by Prowess Inc. and Pinnacle™ P 3 by Philips Medical Systems, Inc.) and used clinically at many institutions. Our test results and initial clinical experience indicate that DAO can produce highly conformal treatment plans that rival other inverse planning systems using only three to seven apertures per beam direction.
The key to the success of DAO lies in the fact that a limited number of apertures can create a large number of intensity levels and complex intensity patterns. Theoretically, the number of intensity levels, N, that can be created by n apertures of distinct weights is: N = 2 n -1.
[1]
Seven intensity levels (excluding the island 0 intensity) can be created with only three segments. With five segments, it is possible to create 31 intensity levels.
The treatment goals were defined based on the dose-volume constraints. The optimizer minimizes an objective function, which is the sum of weighted least squares deviations from the dose-volume constraints. The leaf positions and the aperture weights are simultaneously optimized using a simulated annealing algorithm. We tested this approach using clinical examples of different sites.
In Figure 1 , isodose distributions are shown on an axial and a sagittal image for a head and neck case optimized using direct aperture optimization (DAO). Seven equispaced beam angles were used with three apertures from each angle. This case is made particularly difficult due to the proximity of the eyes, the optic nerves, and the brainstem. To assess the stability of the DAO and its ability to find global minimum, the optimization for this patient was run 100 times with a different random number seed used in each run. The average optimization time was under seven minutes on a 800 MHz PC running Linux OS. The minimum objective function value from any of the 100 runs was 4.95 and the maximum value was 5.41. For these two extremes, the resulting dose volume histograms are plotted in Figure 2 . Note that only modest differences in the DVHs are seen. If a slower cooling schedule were used in combination with a longer optimization time, these differences could be further minimized. We are, however, satisfied that the cooling schedule that we are using strikes an appropriate balance between the need for a short optimization time and the need to avoid local minima.
In Figure 3 , a DVH comparison is provided between DAO and a commercial planning system (Corvus, Nomos Corp) for this head and neck patient. This patient had previously been treated in our clinic using the plan generated by the commercial system. The same seven beam angles were used in each case. From the comparison, it can be seen that the plan produced using Direct Aperture Optimization provided much improved tumor dose homogeneity as compared with the plan generated by the commercial planning system. However, the maximum dose to the optical nerve is slightly higher with DAO plan. By adjusting the weighting assigned to the treatment goals, it is possible to further reduce the differences between these two plans. For this patient, the DAO plan used three apertures per beam direction with a total of 21 segments while the Corvus plan used 221 segments. The Corvus plan used 1761 MU as compared with 338 MU with the DAO plan. These results are specific to the use of Corvus in conjunction with an Elekta MLC. It is possible that with improved leaf sequencing or smoothing of the intensity maps, one could reduce the number of segments associated with the conventional two-step approach. However, of the existing inverse planning systems, only the ones that adopted the DAO approach (i.e., Prowess Panther IMRT, Prowess, Inc. Chico, CA and Pinnacle P 3 DMPO, Philips Medical Systems, Inc.) can generate comparable quality of plans with only three segments per beam. Figure 4 shows 3 segments and their composite intensity distribution in one of the 7 beams used for another head/neck case. Seven intensity levels (excluding the island 0 intensity) were created with only 3 segments.
Comparisons were also made with other planning systems for a number of cases. Treatment plans were developed using DAO along with two commercial inverse planning systems (Pinnacle 3 without the use of DMPO and Corvus). For three patient cases, the optimizations were tuned to give nearly identical dose volume histograms. The plans were then com-pared in terms of the number of segments required and the total number of monitor units.
The results are summarized in Table I . DAO resulted in a 93.5% average reduction in the number of segments as compared with Corvus and a 76.8% reduction as compared with Pinnacle. The results demonstrate that DAO produces highly efficient treatment deliveries that maintain the full dosimetric benefits of IMRT.
Before optimization can proceed, we first calculate using a homegrown Monte-Carlo method (32) the dose distributions resulting from all the beamlets from all beam directions that could potentially be used for delivering dose to the PTV. The Dose distributions are individually stored as separate matri- ces in the patient coordinate system. With this arrangement, dose calculation in each iteration becomes simple matrix additions or subtractions. For example, when a random change of moving a leaf into the field by two beamlets (1 cm) is selected, the resultant dose can be calculated by subtracting from the dose distribution of the last iteration the two 3D matrices corresponding to the two pencil beams. A typical plan can be optimized with DAO in five minutes on an 800MHz PC running the Linux operating system.
Broaden the Scope of IMRT Optimization with Angular Cost Function
One of the important tasks in treatment planning for external beam radiation therapy is to determine the number of beams to use and their orientations. Presently, for both conventional treatments and intensity-modulated radiation therapy, the number of beams to use and their orientations are determined by the planner based on experience. If the resultant plan does not meet the treatment goals, one or more beams may be added and/or the existing beam orientations can be adjusted. For conventional treatments, beam angles used for different treatment sites are well established. Variations to these established beam angles are normally based on experience. With intensity modulated radiation therapy, the task of beam angle selection is more complicated. With beam intensity modulation, the aim is to deliver more conformal dose distributions than that with conventional field arrangements.
More complex interactions or mutual compensations among the different beam angles can be realized with computer optimized beam intensities. As the result, the optimal beam orientations may be different from that of conventional treatments. Because the interactions among different treatment beams are less intuitive when beam intensities are modulated, the optimal orientations for intensity-modulated beams become less obvious to the planners.
It has been shown that beam angle optimization has a limited effect on the quality of the plans when a large number of beams are used (40). However, beam orientations can significantly affect the quality of a treatment plan that uses a small number of beams. The subject of beam angle optimization has been investigated by many researchers. Bortfeld et al. (33) modeled the dosimetric objective functions as a set of differential equations and solved the equations in frequency domain with a number of approximations. Ezzell (36) and Haas et al. (27) employed genetic algorithms to search for the best beam orientations. Rowbottom et al. (30) and Stein et al. (40) used simulated annealing algorithms to perform beam angle optimization by comparing thousands of sets of fixed number of beams sampled from a constrained or unconstrained space of beam orientations. Pugachev et al. (28, 29) also reported different schemes of beam angle optimization with the simulated annealing algorithm. These methods reported in previous publications have one common feature.
In most of the previous works, the number of beams needed for a specific planning problem was not one of the optimization variables. Because of the various limitations of these methods, beam angle optimization has not been part of the clinical inverse planning process.
We believe that for a beam angle to be preferential to other angles, it has to contribute more to achieving the treatment goal for the specific patient. Based on this notion, we introduced a new concept, angular cost function (ACF), for selecting beam angles. The value of ACF for a given angle represents the impact of this angle in minimizing the overall cost function, which should be consistent with the treatment goal. This is the key difference between our methods using ACF and other methods. The concept was tested using an aperture-based optimization algorithm. By studying multiple clinically relevant examples in three-dimensions, it was shown that for certain cases, strong angular preferences exist. The angular preference decreased with the increase of the number of beams and with the degree of intensity modulation. It was demonstrated that even with intensity-modulated beams, beam angle selection played an important role. With and without the use of optimal beam orientations can significantly affect plan quality and intensity optimization alone cannot achieve the full potential of IMRT.
The Angular Cost Function
Since the cost function used for the optimization of the treatment plan reflects the goals of the treatment for the specific patient, the preferential beam angle should have the greatest impact on minimizing the cost function. We introduce the concept of angular cost function (ACF) to depict the relative importance of each beam angle in minimizing the overall cost function. To reveal which angles affect the cost function most, we start with a set of N angles equally spaced over a 360-degree circle. An aperture-based optimization algorithm, i.e., the DAO algorithm with a weighted least squared objective function, is used for testing the concept.
The user specifies the orientations for all the N beams and the number of apertures (or intensity levels) at every beam angle. The direct aperture optimization algorithm optimizes the aperture shapes directly to minimize the cost function.
The final value of the cost function, C 0 , is recorded as the baseline cost with all N beams present. When one of the N beams is deleted while leaving the other N-1 beams intact, the resulting values of the cost function will be greater than C 0 . The increase in value of the cost functions by deleting a beam angle represents how much the deleted beam angle contributed to the minimization of the cost function. This cost increase as the function of the deleted beam angle, θ, is called the angular cost function, C(θ). For head/neck and brain treatments, couch angles, γ, in the range of ±90 de-grees will also be sampled. The ACF in such cases would have two variables, as C(θ,γ). Figure 5 shows the test geometry, which mimics a prostate cancer treatment. The PTV is sandwiched between two critical structures.
Different numbers of beams were used to sample the ACF. Figure 6 shows the result of the ACFs calculated for the geometry shown in Figure 5 above. Finer sampling can be obtained using a larger number of beam directions. However, the absolute difference in angular cost will be smaller when a large number of beams is used. The most important fact is that the shape of the ACF function is essentially the same.
In real treatment planning, the number of beams used is much smaller than the number used for ACF calculation.
To assess whether the ACF functions obtained with larger number of beams truly represent the angular preferences when a small number of beams are used, we also compared the ACFs obtained by using 36 initial beam angles and that using seven separate calculations each with five equally spaced beams but offset from one another. Figure 7 shows the comparison. Although the ACFs obtained with these two methods are not identical due to the stochastic nature of the optimization process, the general shapes of the ACF function are maintained. The results of Figures 6 and 7 suggest that ACF is a reliable way to reveal the intrinsic angular preference dictated by the geometry of the treatment problem.
Figures 8(a) and (b) show the dose distributions created us-
ing five beams under the ACF guidance and selected by a planner for the test case of Figure 5 . As Figures 6 and 7 indicated, the lateral beams were more preferable. Due to the concave target shape, the planner did not select the lateral angles. The angles selected by the planner were 0, 50, 120, 230, and 310 degrees [ Fig. 8(b) ]. In Figure 8 (a), we replaced only two of the five angles selected by the planner with the lateral beams. The isodose lines reading outwards from the PTV are 90%, 70%, 50%, and 30%, respectively. The DVH comparison of the two plans is shown in Figure 8 (c). The thicker curves pointed by the arrows are the DVHs result- ing from the ACF-guided plans for bladder (steeper curve) and rectum (shallower curve) respectively. Both are situated left of their counterparts resulting from the planner generated plans (thinner DVH curves). The final value of the cost function for the plan using angles selected by the planner was 9.172, compared to 6.894 when the lateral beams were used. From the dose distribution and the DVH comparison, we observed that when the preferred angles were used, not only the target received a more uniform dose, doses to both organs at risk were also substantially lower.
Combining IMAT and Fixed Beam IMRT Using Angular Cost Function
We have tested the feasibility of broadening the scope of optimization with the angular cost function, which is defined as the cost increase when the angle is removed from an initial set of N angles. Here we illustrate the concept with a clinical case of oropharyngeal cancer. One of the central slices showing the anatomic arrangement was shown on Figure 9 (a). The critical structures included the spinal cord and the right and left parotid glands. The target was set to receive a full prescription dose with the minimum of 95% covering the entire target and no more than 5% above the prescription dose. The cord and the right and left parotid glands were set to receive 50% and 40% of the prescription dose, respectively, with heavy penalty for over the limits. Unspecified normal tissues were allowed to receive up to 100% of the prescription dose but with higher penalties assigned to higher doses.
Figure 9(b) shows the angular cost functions calculated for this case with an initial set of 23 beams evenly spaced at 15.65 degrees apart (solid line) and with an initial set of 15 beams evenly spaced at 24 degrees apart (dotted line). The ACFs were normalized to the maximum value of each curve. It is comforting to see that although the sampling of the angular space is quite different in the two calculations, the general shape of the ACFs is very similar. The time needed for optimizing 15 beams with three apertures in each beam took about 15 minutes, while it required more than 30 minutes for optimizing 23 beams. We also repeated the calculations using the same number of initial beams but with different random seeds, the resultant ACFs for the same number of initial beams were nearly identical.
The ACFs shown in Figure 9 (b) indicate that the anterior and posterior beams are preferable and the angles between 90-140 and 280-340 degrees should be avoided. There are two broad ranges of angles, from 350 to 80 degrees and from 155 to 270 degrees, in which there is no clear angular preference but each angle contributes significantly to the minimization of the cost function. Based on the ACF, we chose to use two fixed intensity-modulated fields each with three apertures at 355 degrees and at 180 degrees, respectively, in combination with two arcs with one aperture at each beam angle, from 345 to 80 degrees and from 155 to 270 degrees. The total delivery time is similar to the delivery of five intensity-modulated beams. For comparison, we also generated plans using five equal-spaced intensity modulated fields each with three apertures starting at the anterior direction (a preferred direction). All other conditions including the cost function were kept identical. Figures 10(a)-(d) show the DVH comparison of the hybrid technique (dashed lines) and fixed-field technique (solid lines) for the target, the spinal cord, and the right and left parotid glands, respectively. While the dose coverage for the target and dose to the parotids only improve slightly (target dose uniformity improves by 1.3% and 30% dose volume to the right parotid is 11% less), the dose to the spinal cord using the hybrid technique is significantly lower.
Treatment Planning for Intensity Modulated Arc Therapy
Rotational IMRT treatments have primarily been delivered using tomotherapy, an approach where binary collimators (open/close) are used to control the amount of exposure time of a small width of a fan beam, or a beamlet. As the fan beam continuously rotates around the patient, radiation dose is delivered to the tumor through the most preferred orientations and, in each orientation, through the most preferred locations of the patient.
IMAT is another rotational IMRT method proposed in 1995 (9). Instead of using rotating fan beams, IMAT uses rotational cone beams of varying shapes to achieve intensity modulation. Therefore, conventional linacs with an MLC rather than a special tomotherapy unit with binary collima- tors can be used to deliver tomotherapy type of treatments. As compared with tomotherapy, IMAT has the following advantages: (i) IMAT does not need to move the patient during treatment and avoids abutment issues seen with serial tomotherapy; (ii) IMAT retains the ability of using non-coplanar beams and arcs, which has great value for brain and head/ neck tumors; (iii) IMAT uses a conventional Linac; thus, complex rotational IMRT treatments and simple palliative treatments can be delivered with the same treatment unit. With on-board CT capabilities now available with linear accelerators from all three major vendors, IMAT promises a great potential for widespread clinical application.
Despite its many advantages, IMAT has not gained widespread clinical application. The key difficulty has been the lack of an efficient IMAT planning system. We have attempted the use of Direct Aperture Optimization (DAO) technique (14) for IMAT planning (41). To ensure that the resulting IMAT arcs are deliverable, constraints were placed on the aperture shapes to make sure they did not differ significantly from one beam angle to the next. Because the shapes of apertures for a given angle are restricted by those of the neighboring angles that are yet to be optimized, imposing this constraint to ensure interconnectedness results in not only inefficient optimization but also suboptimal plans.
We have recently successfully implemented an IMAT planning scheme using a two-step process: first an inverse optimization without the constraint of interconnectedness and then a re-optimization to form arcs by modeling the interconnectedness of the IMAT beam shapes using the technique of graph algorithms from computer science. We have successfully tested this new strategy, which compared very favorably with IMRT methods using a limited number of fields. Since the planning for IMAT and Tomotherapy are similar in that the arcs are approximated with evenly spaced fields (5-10 degrees apart), our new preliminary results using clinical cases indicated that our new scheme of not constraining the optimization for interconnectedness provides true alternative to Tomotherapy not only in rotational delivery but also in plan quality. However, the situations where rotational IMRT is advantageous over fixed fields are not well understood, which may be critical in the application of IMAT technology.
The key to the success in the IMAT implementation is the IMAT MLC segmentation algorithm/software using graph theoretic approach in computer science. The input to our segmentation software includes: (i) A set of (continuous) intensity patterns optimized by a treatment planning systems at a sequence of equally spaced beam angles (typically 10º apart); (ii) The maximum leaf motion constraint; and (iii) the number of arcs, k, that the user wants to use based on the complexity of the problem. The output is a set of treatment arcs that best approximate the set of desired intensity patterns at all beam angles. The MLC shapes contained in a given arc are interconnected such that it can be smoothly delivered without violating any leaf motion constraints.
Our new IMAT segmentation algorithm is based on graph theoretic approach and computational geometry in computer science. At each beam angle, each pair of MLC leaves is aligned with an intensity profile representing a slice of the optimized intensity map of that beam. The segmentation algorithm consists of two key steps. First, the intensity profiles aligned with each leaf pair at all beam angles are converted into k MLC leaf openings using a k-link shortest path algorithm, where k is the number of arcs the user wants to use for delivery. The delivered photon flux using these leaf openings best approximates the desired intensity distribution. In a second step, the leaf openings are connected into IMAT treatment arcs under the maximum leaf motions constraints using minimum cost matching and shortest path algorithms. By taking advantage of the geometry, the sizes of the graph structures used in computing the shortest paths and matchings are greatly reduced. As a result, the computation of the new algorithm is very efficient. For simple cases such as prostate, computation takes seconds. For complex cases with multiple treatment targets such as head and neck, the segmentation into 15 treatment arc takes less than two minutes on a laptop computer equipped with a 2.0 GHz Pentium M CPU.
Comparisons were made between IMAT plans using the new segmentation algorithm and gantry-fixed IMRT plans using the same dose calculation engine and DVH analysis tools. It was shown that for simple cases, such as lung, prostate, and rectum, IMAT produces better target coverage with comparable critical structure sparing. For complex cases with multiple targets, such as head neck, IMAT produces significantly better plans.
Comparisons between IMAT plans and helical Tomotherapy plans were also made for cases of different sites. Tomotherapy can be considered the current gold standard in IMRT delivery. Exquisite IMRT dose distributions can be created using Tomotherapy because the large number of delivery angles provides almost infinite flexibility in how the dose is distributed within the patient. For fair comparison, IMAT plans created with our research computers were loaded into the Pinnacle™ treatment planning system (Philips Medical Systems, Inc.) for final dose calculations.
Since both the Tomotherapy system and the Pinnacle™ treatment planning system (Philips Medical Systems, Inc.) use collapsed cone superposition algorithm for dose calculation, the potential bias due to dose calculation should be minimal. For DVH comparisons, we took the dose volume data from both systems and plotted ourselves. Our initial comparison confirmed that IMAT could serve as a true alternative to helical Tomotherapy. Figure 11 shows the results of dose comparisons (a) and DVH comparisons (b) for a case of endometrial cancer. In this case, the IMAT plan used five treatment arcs with a total number of monitor units (MUs) of 750. The gantry-fixed IMRT used seven beams and 62 MLC-apertures with a total MU of 650. For CTV and PTV coverage, both the IMAT plan (solid line) and the Tomotherapy plan (dashed line) provided excellent dose uniformity while the IMRT plan (dotted line) showed less dose uniformity and inferior dose coverage to the PTV. For bladder (green), left (magenta) and right (cyan) femoral heads, IMAT plan (solid lines) showed significantly better normal tissue sparing than the Tomotherapy plan (dashed lines). Figure 12 shows the comparison of isodoses on a single slice in the neck region between an IMAT plan using nine arcs with 915 total MUs (a) and a gantry-fixed IMRT plan using nine beams with 880 MUs shared by 551 segments (b) for a head and neck case with three treatment targets. CTV2 (green region) and CTV3 (blue region) were designed to receive 90% and 80%, respectively. In the IMAT plan (a), the 90% isodose line (blue) provided conformal coverage to CTV2 (green region) and the 80% line (red) provided adequate coverage to CTV3 (blue region). In the IMRT plan (b), the 90% isodose line (blue) did not cover CTV2 and the 80% line (red) over covered CTV3. Figure 13 shows the DVH comparison for the head and neck case shown in Figure 12 . For this complex case, IMAT plan (solid lines) provided improved dose coverage for all three CTVs as compared with fixed field IMRT plans (dashed lines). Except for lung, which received the same dose with either plans, the dose to other critical structures were significantly lower with IMAT plans (solid lines) than with IMRT plans (dashed lines). Figure 14 shows the DVH comparison among the three delivery methods for a prostate cancer. For this case, the IMAT plan used five arcs with a total of 840 MUs. The gantry-fixed IMRT used seven beams and 62 MLC-apertures with a total of 585 MUs. Both the IMAT plan (solid lines) and the Tomotherapy plan (dashed lines) showed much improved dose coverage of the PTV than the IMRT plan (dotted lines). For the three critical structures, the doses from the IMAT plan (solid lines) were consistently lower than that from the Tomotherapy plan (dashed lines). Figure 15 shows the aperture shapes formed by a Varian MLC of a segment of an arc used for a lung cancer case. Although the apertures are very different from angle to angle, the sequencer ensured that all apertures at different beam angles belonging to the same arc are interconnected: the positions of any leaf between neighboring angles differ by less than 3 cm and all apertures within an arc have the same number of MUs. Figure 16 shows the comparison results on a lung case. In this case, the IMAT plan used five treatment arcs with a total machine beam-on time of 890MU. The gantry-fixed IMRT used seven beams and 166 MLC-apertures with a total machine beam-on time of 850MU. In comparing the IMAT plan with the IMRT plan, we can see that the IMAT plan has slightly better PTV coverage with comparable critical structure sparing. In comparing the IMAT plan with the Tomotherapy plan, we can see that the IMAT plan has comparable target coverage but with better normal tissue sparing. Figure 17(a) shows an axial slice from an IMAT plan for a patient with a tumor of the left orbit. The IMAT plan used four noncoplanar arcs delivered at a couch angle of 90 degrees. A DVH overlay in Figure 16 (b) compares the IMAT plan with the tomotherapy plan used to treat this patient. Note that the IMAT treatment plan results in a nearly identical target DVH while providing a dramatic reduction in dose to the brain stem, optic apparatus, and optic nerve. This reduction in dose to the sensitive structures can be attributed to the preferential angles provided by noncoplanar delivery.
These preliminary results are very encouraging because they demonstrate that IMAT may be able to consistently match the quality of plans produced by a tomotherapy system while delivering efficient treatments on a conventional linear accelerator. Therefore, IMAT could greatly expand the numbers of patients who would benefit from the highly conformal dose distributions achievable with arced based IMRT delivery.
Three of the IMAT treatment plans, including a prostate, head and neck, and rectum, have been delivered using a Varian linear accelerator operating in "Research mode" to an IMRT phantom (CIRS, Norfolk, VA). The patient plans were first copied to the CT images set of the phantom and dose distributions were then calculated by the Pinnacle planning system. The number of arcs of the delivered plans ranged from four to nine. All arcs within each plan were written as segments of one beam, with alternating clockwise and counter clockwise gantry rotations. Therefore, there was no user intervention or interruption of irradiation needed until all the arcs were delivered. The plans were transferred using the DICOM RT protocol to a Varian linear accelerator equipped with 120-leaf MLC. The phantom was set up using in-room lasers as required by the treatment plan. An EDR2 (Kodak, Rochester, NY) film was sandwiched in the transverse plane, 3 mm away from the beam axis. Figure 18 shows the result of the dosimetric verification for a prostate IMAT delivery using four arcs. Figure 18(a) is the dose image converted from the exposed film with overlaid 90%, 80%, 66%, and 50% isodose contours. Figure 18(b) is the comparison of the calculated and measured dose dis- 
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in 3 mm. For the 50% isodose lines, the maximum distance from agreement is 5 mm.
Conclusion
Radiation therapy is heavily leaned on a number of key technologies, including imaging, planning, and treatment delivery. These technologies are pushing each other aiming to improve the treatment precision and ultimately improving cure. This phenomenon has resulted in a rapid expansion of new technologies for radiation therapy in the last decade. The precision in dose delivery with IMRT have accentuated the inadequacy in precise tumor targeting and resulted in the new research focuses on image guided radiation therapy (IGRT). While improving tumor targeting with imaging guidance is the logical next frontier, our recent research and developments on IMRT have demonstrated that there are still substantial rooms for improvement in both IMRT planning and delivery. The marriage of the new developments of IMRT and IGRT will push the field to adopt new treatment techniques including different fractionation schemes and total doses.
